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Performance of Focused Ion Beam Trimmed
Yoke-Type Magnetoresistive Heads for Magnetic Microscopy Naturally, the advantages and disadvantages of each technique depend upon the application. Factors such as resolution, ease of sample preparation, ability to analyze images in a quantitative manner, and equipment costs have to be considered. Scanning magnetoresistance microscopy (SMRM), where a magnetoresistive sensor is scanned over the surface of a sample, is a further addition to this list. SMRM is relatively low cost; delivers reasonable resolution images, and requires only rudimentary sample preparation. Recently, SMRM has attracted interest from the data storage community due to the ease with which images may be quantitatively analyzed and compared with read head readback signals [2] , [3] . Other applications include the imaging of magnetic inks used in the production of bank notes [4] and the imaging of magnetic domains in electrical steels [5] .
Previously, the resolution of SMRMs has been limited by the size of the magnetoresistive (MR) sensor, the smallest sensors being those housed within computer hard-disk data heads [2] , [3] . Resolution may be improved by reducing the size of the MR sensors by, for example, focused ion-beam (FIB) milling from either the air-bearing surface or at the wafer level during head manufacture. It is likely that this will result in damage to the MR sensor as it is well known that the process of FIB milling can destroy the magnetic properties of thin films by ion implantation [6] - [8] . Ultrathin multilayer magnetic structures, such as spin valves and granular films exhibiting giant magnetoresistance, are especially sensitive to such damage.
An alternative is the use of FIB trimmed state-of-the-art yoke-type magnetoresistive tape heads (YMRH) as SMRM sensors. These heads are similar to those developed by Philips in the mid-1990s for consumer applications in digital compact cassette (DCC) audio tape drives and advanced digital recording (ADR) tape streamers [9] - [11] . Although DCC was not a commercial success, YMRH heads were developed further and applied in the ADR system commercialized by OnStream. Although less sensitive than hard-disk MR heads, as a consequence of the MR sensor being removed from the head-media interface, YMRH heads are ideally suited for use in tape drives. This is due to the demanding thermomechanical operating conditions in tape drives, resulting from the magnetic medium being in contact with the surface of the head. Magnetic flux is guided from the tape-bearing surface (TBS) to the MR sensor via magnetically soft poles, or flux guides, of, e.g., permalloy. This structure protects the magnetoresistive element (MRE) from both physical damage and thermal shock. By reducing the dimensions of the flux guides, sensors capable of increased resolution SMRM may be produced without damaging the MR element.
It is probable that future SMRM sensors will take the form of sensor-in-yoke structures mounted on atomic force microscope (AFM)-type probes. Although the MR sensor itself may be micrometer sized, it is thought that the use of submicrometer flux guides will enable MFM-like (50-nm) resolution to be achieved. Thus, it is timely to perform an initial study into the feasibility of SMRM with yoke-type sensors possessing flux guides of significantly reduced dimensions.
A further application of yoke-type sensor structures is in magnetic probe recording systems, similar to the thermomechanical IBM Millipede device [13] , [14] . These devices will possess magnetic media and arrays of over 1000 AFM-like probes combining both read and write functionality [15] . Such probes will possess nanometer-scale flux guides to micrometer-scale magnetic sensors. Computer simulations indicate that nanometerscale permalloy flux guides may be magnetically hard, making them unsuitable for this application [16] , [17] . Therefore, a complimentary experimental study of how such structures behave at the nanometer scale is also of great interest.
It is noteworthy that data storage on tape continues to account for a large proportion of the worldwide sales of data storage products and remains one of the most cost-effective ways of storing large amounts of data. Although a relatively mature technology, the pursuit of ever-greater storage densities and, hence, data capacity, by reducing bit length and track width continues. This is driven in part by the rapid rate of increase in the capacity of hard disk drives. Hence, a study of YMRH performance as a function of flux guide width is also of immediate technological interest.
II. FIB TRIMMING OF FLUX GUIDES AND RECONSTRUCTION OF TBS
The heads chosen for use in this study were regular ADR thin-film yoke-type MR heads [10] possessing eight channels. The presence of eight channels allows a systematic study of the performance of channels with poles trimmed to different widths without the need to remove the head from the SMRM setup. Fig. 1 is a schematic of the cross section through one channel and clearly shows the two separate soft magnetic permalloy yokes used for reading and writing. The MR element used in the read channel is 5 m long, located approximately 5 m above the TBS and is offset 2 m away from the read gap. This allows the removal of material in order to trim, or reduce the width of, the upper (read) pole without damaging the MR element.
Read poles were trimmed by FIB milling with 30-kV Ga ions in an FEI 200 FIB workstation. A beam with a current of 350 pA and spot diameter of 55 nm was used to etch away the bulk of the permalloy at a rate of 0.06 0.01 m nC ( 19.5 nm s ) to a depth of 1 m. Fig. 2 shows second electron images of four trimmed read channels after FIB milling to widths ranging between 5 m and 200 nm. Fig. 3 shows the channel trimmed to 100 nm and illustrates that care has to be taken when trimming such small features at high beam currents. It is only when the sample is tilted that excessive trimming of the pole is revealed, resulting in this pole not being used for imaging.
An earlier study revealed that poles trimmed to less than 1.5 m were damaged during scanning across the surface of a tape [18] . To avoid this, the local deposition of Pt was chosen as a method by which to both support the trimmed poles and reconstruct the TBS of the FIB trimmed regions in situ. The local deposition of Pt is achieved by admitting Pt gas into the FIB chamber by inserting a gas needle close to the surface of the sample. The Pt gas is decomposed by the incident beam of Ga ions resulting in the deposition of Pt over a very localized area. Here, a beam current of 150 pA was sufficient to deposit a 1-m thickness of Pt in a time of 1 min. Fig. 4 shows the results of reconstructing the TBS of the pole trimmed to 500 nm. Fig. 3 reveals that the read pole may suffer from increased recession from the TBS after being trimmed by FIB. Hence, the recession of all of the poles used for imaging was measured by a Digital Instruments DI3100 atomic force microscope operated in tapping mode. The recession of each pole is listed in Table I .
As mentioned in the introduction, Ga ion implantation will damage the magnetic properties of the NiFe flux guide material leading to magnetically inert regions. In order to assess the possible extent of this damage, simulations of the trajectory of Ga ions have been performed using the TRIM software package [19] . 1 These simulations revealed that normally incident 30-kV Ga ions could penetrate with a radial trajectory up to 20 nm into the material. Hence, a 20-nm band of nonmagnetic NiFe may exist at the edges of the trimmed flux guide, thus reducing the effective volume of flux guiding material. It is obvious that this effect will be most pronounced for the narrowest flux guides.
III. MICROSCOPE SETUP
Subsequent to etching and TBS reconstruction, the head was mounted in our computer-controlled SMRM setup. In our SMRM, the head is mounted on a balance mechanism with 1 TRIM (transport of ions in matter) Monte Carlo code simulates interactions in matter. The TRIM software is part of the SRIM 2000 software package available from J.F. Ziegler, jfz@us.ibm.com, or http://www.research.ibm.com/ionbeams the following capabilities: precise control of the separation between head and sample (noncontact mode), precise control of the normal force between head and sample (contact mode), and control of the attitude of the head with respect to the sample plane. Here, the SMRM was operated in contact mode with a contact force of 100 mN between the head TBS and sample surface. The sample is mounted on a translation table possessing a rotation stage and stepper motors providing independent movement in the and directions with a velocity of 45 m s and a step size of 100 nm.
A lock-in technique is used to monitor the MR sensor response as it is scanned over the sample. This was necessary for our initial experiments which suffered from a poor signal-to-noise ratio (SNR), for the results presented here a SNR of between 10 and 28 dB was observed, depending on bit length. The lock-in amplifier (LIA) [20] was triggered by a signal from the stepper motor controller to record data at each step. Data for each scan line was buffered in the LIA memory before being transferred to the personal computer controlling the whole setup. As this proved to be a convenient method by which to capture data, the LIA was retained in the setup, even though not strictly required. The MR element is placed in parallel with a reference variable resistor to form a bridge circuit driven by the ac signal from the reference output of the lock-in amplifier. The value of the reference resistor is adjusted to approximately the same value as the MR element ( 80 ). The amplitude of the ac signal is such that a current of 10 mA flows through both the MR element and reference resistor. The voltages across the MR element and reference resistor (less than 10 mV) are used as inputs to the lock-in amplifier. Monitoring the difference between these two voltages (up to 0.25 mV for the longer bit length tracks) provides a low noise signal from which a high-quality SMRM image is obtained.
In order to obtain a MR sensor output varying linearly with applied field, the bias conductor was energized with a dc current of 2 mA.
An untrimmed 18.75-m-wide write channel and a trimmed 6.5-m-wide write channel were used to write tracks in commercial Co-Ni-O metal evaporated (ME) tape and Co--Fe O particulate (CP) tape. The magnetic properties of the two tapes are listed in Table II . These two tapes were chosen for specific reasons. The YMRH head used here was designed for use with the CP tape, thus, tracks could be easily written in this tape. The ME tape was chosen as it possesses a higher remanence than the CP tape, therefore, tracks written in this tape will exhibit larger stray fields and should be easier to image. Simulations have shown for the write current and design of write channel used here that data will be written to a depth of less than 200 nm in the CP tape. If it is assumed that data is written through the whole thickness of the ME tape, then the ME tape will possess an effective Mr almost 10% higher than that of the CP tape; hence, the stray field from the ME tape should be higher.
The coercivity of the ME tape is only a little higher than that of the CP tape, thus, the YMRH head should be able to write tracks into this tape with little difficulty. The write channel coil had five turns and a write gap of 1.3 m. The tracks possessed bit lengths ranging from 5 to 1 m with a pitch of 30 m, and were written with a square wave current of 50-mA peak to peak energizing the write coil.
IV. MAGNETIC IMAGES AND SENSOR OUTPUT
SMRM images of tracks written in ME and CP tapes were obtained with all of the trimmed and untrimmed write channels. Figs. 5 and 6 reveal that it was possible to image bit lengths down to 1 m with even the most aggressively trimmed read channel. In general, the quality and contrast of the images decreased with read pole width as illustrated here by the images obtained with the 200-nm pole, especially for the 1.5-and 1-m bit length tracks. In principle, the resolution of the images is limited by the read channel gap length of 250 nm (in the track direction) and the read channel width (across the tracks). Although it was possible to image bit lengths down to 500 nm with the untrimmed read channel, this was not possible with the trimmed read channels, probably due to the reduced amount of flux being guided to the MRE by the trimmed read poles, resulting in a loss of sensitivity. As the focus of this work was the effect of FIB trimming the read channels on the sensitivity of the heads, the cross-track resolution is not addressed here. For the purposes of imaging, the head was translated 5 m in the cross-track direction between scan lines.
A double peak is observed in the image contrast for one orientation of the bit transitions in the 5-m tracks. This is illustrated most clearly in Fig. 6(c) and (d) for the ME tape. The observation of the double peak can be explained by considering the following. The MRE has a linear response for shorter bit lengths at the bias current used during imaging. However, for the 5-m bit length tracks written in both media, the flux is sufficient to drive the MRE out of this linear zone. This was confirmed by the observation of the peak MRE voltage, when imaging the 5-m tracks, being comparable with the MRE voltage when the MRE was saturated by a sufficiently high current being passed through the bias conductor. Therefore, the MRE approaches saturation for bit transitions with one orientation, while for oppositely oriented transitions the resistance of the MRE passes through the maximum value. As a consequence of the latter, the voltage measured across the MRE also passes through a maximum before decreasing, although the field passing through the MRE is still increasing, hence, a double peak is observed. It is also possible that incorrect biasing of the MRE could lead to the observation of double peaks via the above mechanism; however, this is thought to be unlikely as the MRE in each channel had previously been characterized in order to define the correct bias current. This effect is most clearly seen in Fig. 6 because the ME tape possesses a higher effective and, hence, a higher stray field, than the CP tape. It should be noted that the bit lengths at which the double peaks are observed are somewhat larger than those for which the head was designed, thus, it is not unreasonable for the head response to deviate from that observed at shorter bit lengths. During the analysis of the images, which is discussed next, it was assumed that the response of the MRE was linear for the shorter bit length tracks. Thus, the 5-m bit length tracks were used as references for the normalizing of MRE signals.
The SMRM images were analyzed in order to investigate the performance of the YMRH sensors as a function of read pole width. Image analysis consisted of measuring the recorded rms voltage across the MRE, at the center of each track. As discussed above, the MRE of each read channel was saturated by the flux from for the outer 5-m tracks, therefore, the data were normalized to the voltage across the MRM for these reference tracks. The data has also been corrected for the values of pole tip recession listed in Table I , in accordance with the exponential Wallace spacing loss factor [21] .
YMRH performance as a function of trimmed read pole width is illustrated by Fig. 7 . The data shown in this figure is renormalized with respect to the untrimmed 12-m read channel, and is taken from 1-, 1.5-, and 2-m bit length tracks written in the ME tape. Similar data was obtained for tracks written in the CP tape. Fig. 7 shows that there is a linear decrease in MRE output down to a pole width of 2 m. For pole widths less than 2 m, there is an accelerated reduction in MRE output to a value of 0.35 for the 1-m bit length tracks.
The origin of the increased loss of sensor output is probably due to micromagnetic effects reducing the efficiency of the yoke structure as the pole width is reduced to the nanometer scale. This is discussed further in Section VI. Fig. 7 indicates that the output of the MRE does not fall to zero, even if the width of the read pole is reduced to zero (i.e., completely recessed), and is most noticeable for longer bit length tracks. This is because several paths by which magnetic flux can enter the MRE continue to exist. Flux may be guided to the MRE through the shared pole or through what is left of the trimmed read pole, now recessed by 1 m. The MRE is shielded on one side only, as shown in Fig. 1 , hence, a small amount of flux can also enter the MRE independent of the flux guides. This will be negligible as the MRE is approximately 5 m above the surface of the tape.
The MFM image (Fig. 8 ) of the TBS of the trimmed 200-nm-wide channel after scanning confirms that the read flux guide is still magnetic after FIB trimming. This image was obtained with the MFM operating in tapping mode and a commercial CoCr coated etched Si tip [22] . The stray field from the MFM tip magnetizes the NiFe resulting in the tip always being attracted to the flux guides, which are therefore observed as dark areas of contrast. The MFM image does not reveal whether any micromagnetic changes have occurred as a result of the reduction in pole dimensions.
It has been shown to be possible to map the response of a (G)MR sensor to a localized field by using an MFM in tapping mode [23] , [24] , the stray field from the MFM tip being the localized field source. The variation in output of the (G)MR sensor is monitored as a function of MFM tip position by using a lock-in amplifier set to the resonant frequency of the cantilever of the MFM tip. An attempt was made to apply this technique to the YMRH heads investigated here, however, no meaningful data was obtained. This was probably due to the MFM tip providing insufficient flux to be detected by the MRE embedded within the yoke structure.
V. FINITE-ELEMENT MODELING
The results presented in the previous section illustrate that the MRE output decreases linearly for read pole widths between 12 and 2 m. In this section, we describe an attempt to model this linear decrease in sensor performance for poles of these dimensions using a finite-element model (FEM). For pole widths below 2 m, micromagnetic effects are the probable origin of the accelerated reduction in sensor performance. It was not possible to include micromagnetic effects in the FEM; therefore, the modeling does not reflect the performance of sensors with sub-2 m-wide poles.
Finite-element modeling is an important tool in the development of magnetic read/write heads as the effect of new design features on head performance may be assessed prior to the manufacture of prototypes [10] . Previously, using two-dimensional (2-D) FEM software, trimmed channels were modeled in the cross-track plane; however, the results of this modeling were far from agreement with experiment [18] . This was probably due to the previous 2-D model failing to reflect all of the three-dimensional (3-D) properties of the head structure, such as flux loss between yokes and the MR sensor. In this present work, two approaches were used to incorporate such 3-D effects into the modeling of the performance of the YMRH read channels as a function of read pole width. A quasi-3-D approach using commercial 2-D FEM software [25] , and a more computationally demanding 3-D model utilizing commercial 3-D FEM software [26] were developed.
In the first approach, the head is modeled as a cross section though the head structure illustrated by Fig. 1 . The field source is a coil with an inner diameter of 1 m, placed 1 m away from the TBS. The current through the coil was adjusted such that the magnitude and full width half maximum of the field at the TBS corresponded to that predicted by the Williams and Comstock arctangent transition model for 1-m bit lengths [27] . Two models are used to simulate the effect of trimming the read pole width in the cross-track direction. The first has the read pole extending to the TBS while the second has the read pole recessed 1 m away from the TBS. The relative permeability of the pole material was set to 1000. The average field through the MRE is then calculated for each model. The effect of trimming the read poles is simulated by assuming the average field through the MRE in 3-D to be the sum of the field from the trimmed and untrimmed portions of the pole, and , respectively. Thus, is described by the following relation: (1) where and are the widths of the untrimmed and trimmed portions of the read pole, respectively, and is the total width of the read pole ( ). Equation (1) can easily be rewritten as (2) illustrating the linear relationship between the field through the MRE and width of the read pole, and that the MRE experiences a field when the read pole width is reduced to zero.
MRE output as a function of bias current (i.e., field from the bias conductor) was simulated using the above 2-D model for the untrimmed head. The resulting data was comparable to experimental curves measured for the heads used for imaging, thus indicating that the above 2-D models were realistic.
In the second approach, the read and common poles, MRE and bias conductor are modeled in 3-D. A conductor placed below the read gap and energized with a current of 1 mA was used as the field source. Fig. 9 shows the average field through the MRE as a function of read pole width from both models. This graph reflects the output of the MRE when biased correctly to respond linearly to magnetic fields. Experimental data for a track recorded on ME tape with a 1-m bit length is also plotted for comparison. Fig. 9 reveals that both models predict a reduction in sensor performance with pole width, in close agreement with the experimental data, with the quasi-3-D model being in almost exact agreement for poles wider than 2 m. The agreement is less precise for the 3-D model because the planar conductor field source was not optimized to reflect the experimental situation. As explained at the beginning of this section, both quasi-3-D and 3-D FEM simulations fail to predict the severe reduction in sensor performance that is observed for poles trimmed to less than 2 m. The models do indicate that the sensor performance drops to only 0.6 for a completely trimmed (totally recessed) pole.
VI. DISCUSSION
If it is assumed that the MRE operates with a linear response to magnetic fields, then the FEM can only predict variations in YMRH performance that are due to changes in the geometry of the yoke structure. In this case, the geometry of the YMRH changes as the read pole width is reduced. Fig. 9 reveals that the results of the quasi-3-D FEM simulations are in almost exact agreement with experiment for pole widths greater than 2 m. This implies strongly that the decrease in YMRH performance for pole widths between 12 and 2 m is primarily due to the reduction in read pole width.
Experimentally, a severe reduction in sensor output is observed for pole widths less than 2 m. This is somewhat harder to explain as the FEM simulations indicate that sensor performance will only drop to 0.6 for a completely trimmed pole (i.e., the pole is recessed away from the TBS across the whole width). In reality, the sensor performance drops to 0.35. This may be due to the trimmed poles becoming magnetically harder (exhibiting a higher coercivity) as their dimensions are reduced. Such an increase in coercivity may be due to a change in the magnetization reversal mechanism (e.g., an increase in domain wall pinning) or a change in anisotropy, in this case shape anisotropy.
If the coercivity of the trimmed poles increases, a higher field is required to totally reverse the magnetization in each pole. It follows that if the field from the medium is not sufficiently large, incomplete or only partial reversal will take place within the trimmed pole. This will effectively "shield" the upper untrimmed portion of the pole. If the internal field from the unreversed trimmed pole is large enough, the magnetization of the adjacent region of the untrimmed upper portion may be pinned and remain unreversed. The spatial extent of magnetization reversal within the upper portion will, therefore, be reduced and less flux guided to the MRE.
Magnetization reversal within flux guides proceeds by the uniform rotation of spins within a stable configuration of transverse closure domains [28] , [29] , as shown schematically in Fig. 10(a) for a moderately trimmed flux guide. For narrower flux guides, domains may take on the unfavorable configuration shown in Fig. 10(b) , consisting of domains aligned longitudinally. Such flux guides will exhibit reversal via domain wall motion, which is affected by domain wall pinning (increased coercivity) and requires larger energies (applied fields). Domain wall pinning sites may occur at physical inhomogeneities in the magnetic material, or at sharp structural features. The junction between the trimmed and untrimmed regions of the flux guides forms such a feature and may be considered as an extra throat, which are known to be possible pinning sites in inductive recording heads. Reversal will, therefore, be hindered where pinning occurs and, in the worst case, result in incomplete reversal. The effect of this will be to reduce the magnetic flux guided to an MR element and, hence, reduce YMRH performance. For flux guides trimmed to a width less than the pole thickness in the track direction, a more radical domain configuration may occur, as illustrated by Fig. 10(c) [30] . Here, the end of the flux guide may be considered as a plane aligned along the track direction and orthogonal to the plane of the original untrimmed flux guide. Shape anisotropy may align the domains in the plane of this trimmed region, with either a transverse or a longitudinal orientation. If the shape anisotropy is sufficiently high, the coercivity of the trimmed pole will be further increased.
For flux guides trimmed to the very narrowest widths, micromagnetic modeling indicates that the trimmed pole may take on a single domain configuration [16] , [17] . This will lead to a magnetic "hardening" of the pole and, hence, an increase in coercivity. At low applied fields (short bit lengths), this will result in a loss of YMRH performance.
The MFM image shown in Fig. 8 indicates that if there is an increase in the coercivity of the pole, then it is not extreme. Any increase in coercivity is certainly less than the stray field from the MFM tip, which has been estimated to have a maximum value of at least 49 kA m [31] for similar MFM tips.
In order to assess whether the above arguments are realistic, further investigations are required. High-resolution imaging of the actual domain configuration within poles trimmed to subnanometer dimensions, and the evolution of domain structures during reversal, would provide experimental evidence. Many techniques exist to achieve this, with MFM being a strong candidate. Linked micromagnetic and finite-element models would also provide valuable information. Due to the large difference between the sizes of the lower trimmed and upper untrimmed regions of the flux guides, linked models would be necessary. This is because a micromagnetic model of the complete head structure would be extremely demanding in terms of computer processor time and memory. Additionally, the present work demonstrates that the absence of micromagnetic effects being taken into account limits the applicability of FEMs. Hence, linked models could provide a route to successfully simulating the magnetic behavior of trimmed heads.
VII. CONCLUSION
This paper has shown that it is possible to use yoke-type MR tape heads as sensors for magnetoresistance microscopy. Furthermore, it is possible to acquire high quality images with read channels possessing flux guides trimmed by over 98% from a width of 12 m to 200 nm. A signal drop of 65% is observed for such a channel for bit lengths of 1 m, whereas finite-element modeling indicates that a drop of only 40% is expected. This difference is due to a combination of experimental factors that the FEM does not to take into account. These include the reduction in flux guide width, a magnetic "hardening" of the flux guide material due to unfavorable reorientation of the domain configuration, and to a lesser extent, Ga ion implantation induced damage to the NiFe. Both 2-D and 3-D finite-element modeling succeed in predicting the initially linear reduction in sensor performance down to flux guide widths of 2 m. Both models fail to predict the loss in performance of narrower flux guides due to the aforementioned micromagnetic and ion-beam-induced effects. This work highlights the need for high-resolution domain imaging of nanometer-scale flux guides and the integration of finite-element and micromagnetic approaches to modeling of complex magnetic structures.
The value of FIB in the development of micrometer-and nanometer-scale magnetic devices over short time scales has been amply demonstrated. In this case, insight has been gained into factors affecting the design of future generations of yoke-type MR heads. Additionally, FIB provides a route toward the experimental investigation of the limitations of existing designs of sensors for many applications.
